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Mouse hepatitis virus A59 (MHV-A59) infection of adult BALB/c mice induced a severe, transient atrophy
of the thymus. The effect was maximal at 1 week after infection, and thymuses returned to normal size by 2
weeks after infection. There was no effect of glucocorticoids, since thymus atrophy was also found in adrena-
lectomized, infected mice. In infected thymus, immature CD4* CD8™ lymphocytes were selectively depleted,
and apoptosis of lymphocytes was increased. The MHYV receptor glycoprotein MHVR was detected on thymus
epithelial cells but not on T lymphocytes. In a small number of stromal epithelial cells, but in very few
lymphocytes, the viral genome was detectable by in situ hybridization. These observations suggested that
MHYV-A59-induced thymic atrophy results not from a generalized lytic infection of T lymphocytes but rather
from apoptosis of immature double-positive T cells that might be caused by infection of a small proportion of

thymus epithelial cells or from inappropriate secretion of some factor, such as a cytokine.

Mouse hepatitis viruses (MHV) cause liver and central ner-
vous system disease and a wide variety of immunological dys-
functions (6, 8, 10, 13, 25, 32, 35, 53, 54, 61). The pathogenesis
induced by these viruses depends on both the characteristics of
the virus strain and the genetic background of the infected
mice (2, 30, 56, 57). Infection of BALB/c mice with MHV-JHM
or MHV-A59 or of C57BL/6 mice with MHV-3 is followed by
a marked thymus involution (11, 29, 32). In the latter case,
thymic lymphocyte decrease follows viral dissemination from
infected stromal cells (25, 33). In the present paper, we inves-
tigated the mechanisms involved in thymus atrophy observed
in BALB/c mice infected with MHV-AS59 and whether the
distribution of expression of the carcinoembryonic antigen-
related glycoproteins that serve as receptor for the virus
(MHVR [15, 16, 64-66]) could account for this thymus invo-
lution.

The effect of infection on the thymuses of specific-pathogen-
free female BALB/c mice, bred by G. Warnier at the Ludwig
Institute for Cancer Research, was analyzed at different times
after intraperitoneal injection of approximately 10* tissue cul-
ture infectious doses of MHV-A59 grown in NCTC 1469 cells.
MHV-AS59 induced a dramatic but transient decrease in thy-
mus size that was most pronounced 1 week after virus inocu-
lation. There was a marked disappearance of lymphocytes,
predominantly from the cortical region of the thymuses of
infected mice (Fig. 1). Thymus cell counts had dropped by 80
to 90% by day 7 postinfection (p.i.) but returned to normal
levels 5 days later (Table 1). Thus, in BALB/c mice infected
with MHV-AS59, the thymus involutes transiently to the same
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extent as that reported after infection with MHV-JHM or, in
C57BL/6 animals, with MHV-3 (11, 25, 29, 32, 33).

To further evaluate the effect of MHV-AS9 infection on the
thymus, subsets of immature double-negative CD4~ CD8™
and double-positive CD4" CD8™ cells, as well as more mature
single-positive CD4" CD8~ and CD4~ CD8" cells, were an-
alyzed by flow cytometry. After teasing with forceps and lysis of
erythrocytes in 0.83% NH,CI, the cells were incubated for 60
min at 4°C in HAFA buffer (137 mM NacCl, 5 mM KCl, 0.4 mM
MgSO,, 0.3 mM MgCl,, 5 mM glucose, 4 mM NaHCO;, 1 mM
EDTA, 1 mM phosphate, 20 mM NaNj;, 100 U of penicillin per
ml, 100 pg of streptomycin per ml [pH 7.4], supplemented with
3% fetal calf serum) with fluoresceinated anti-CD8 and bioti-
nylated anti-CD4 monoclonal antibodies (3.168.1 [51] and
GK1.5 [14], respectively) (made available by F. W. Fitch and
obtained through the courtesy of H. R. MacDonald and P. G.
Coulie) and then with streptavidin-RED613 (Gibco BRL,
Gaithersburg, Md.). After MHV-AS59 infection, the absolute
number of double-positive CD4 " CD8™ cells decreased to 1 to
7% of the normal levels, depending on the experiment. In
contrast, the absolute number of CD4" CDS8 cells decreased
only moderately, whereas the relative proportion of this sub-
population increased significantly (Table 1). Both the CD4™
CD8 and the CD4~ CD8" subsets were not significantly
affected by MHV-AS59 infection.

Such a selective decrease in the CD4* CD8* population
may result from apoptosis (41, 55, 58). To test whether pro-
grammed cell death was induced by MHV-AS59 infection, elec-
tron microscopy was performed on thymus tissue that had been
minced, fixed in 2.5% glutaraldehyde, and postfixed in 1%
OsO, solution before embedding in Epon 812 (Fluka). After
MHV-A59 infection, numerous cells showed images that are
classically associated with apoptosis: nuclear condensation and
fragmentation (Fig. 2). No MHYV virions were observed in
these cells.
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FIG. 1. Thymus involution in BALB/c mice infected with MHV-A59; whole cross-section of a thymus from a control 8- to 12-week-old BALB/c mouse (a) and a
mouse 5 days p.i. with MHV-A59 (b). The infected thymus shows a large reduction in size as well as an inverted cortical image. Higher magnification of the control
thymus shows the normal cell population in the cortical (CR) and the medullary (MR) regions (c). At the same magnification, the thymus cortical region of the infected
animal (d) shows a focal decrease in lymphocytes (arrow), while other zones are less affected (star). Magnifications are X16 for panels a and b and X150 for panels

¢ and d.

To confirm that these cells had DNA fragmentation, tissue
sections were analyzed by in situ end labelling of fragmented
DNA as previously described (63). Briefly, after a 4%
paraformaldehyde fixation, thymuses from infected and con-
trol mice were paraffin embedded. Sections were treated with
Escherichia coli DNA polymerase I and deoxynucleoside
triphosphates, one of which was biotin labelled. The reaction
product was detected with a streptavidin peroxidase that was
revealed by a diaminobenzidine reaction. As shown in Fig. 3,

TABLE 1. Thymus lymphocyte subpopulations after
MHV-A59 infection

Lymphocyte subpopulations (%)°

. . No. of

Time p.i. lymphocytes - -
(days)® Y ﬁ ocytes CD4 CD4* CD4* CD4
(10° CD8~ CD8" CD8~ CD8"

0 49 +7 3.0 81.7 13.8 1.7

3 29+3 4.7 72.3 17.6 5.7

7 8§+2 21.0 375 30.5 11.2
12 62=*5 6.6 79.4 10.3 3.7

“ Groups of four BALB/c mice.

b Determined for individual mice after teasing of thymus with forceps (means
+ standard errors).

¢ Determined by flow cytometry on pooled thymus cells.

only a few apoptotic cells were detected in thymuses from
normal uninfected mice. In contrast, 4 days after MHV-A59
infection, the number of apoptotic cells was strongly increased,
while the total number of lymphocytes was dramatically de-
creased. Thus, a much higher proportion of apoptotic cells was
found in thymuses from MHV-AS59 infected mice than in those
from normal animals. This MHV-induced programmed cell
death could account for the selective loss of CD4" CD8™ cells
from the thymus observed after virus infection. Apoptosis of T
lymphocytes has been reported after infection with other RNA
viruses, such as lymphocytic choriomeningitis virus (47), Molo-
ney murine leukemia virus (49), feline immunodeficiency virus
(4), and human immunodeficiency virus (39). This mechanism
also results in a preferential decrease of CD4* CD8* thymic
lymphocytes after infection with human immunodeficiency vi-
rus (5).

Several mechanisms could lead to apoptosis in the course of
a viral infection. These included stress-induced glucocorticoid
release, direct virus-induced apoptosis, or apoptosis caused by
virus-induced release of cytokines. We studied such mecha-
nisms for thymus atrophy induced by MHV-AS59 in regard to
the cellular distribution of the viral receptor glycoprotein.

Adrenal glucocorticoid secretion may induce programmed
cell death leading to thymus involution (21), as reported after
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FIG. 2. Electron microscopy of thymuses from BALB/c mice infected with MHV-A59. Thymus tissue from an infected mouse (day 5 p.i.) shows classical features
of apoptosis: crown-like chromatin condensation (A [arrow]), which is followed by a complete nuclear condensation (B [large arrow]) and then by nuclear fragmentation
(B [arrow]) and finally by disappearance of the cell (B [arrowhead]). Magnification, X 18,000 and X14,500 for panels A and B, respectively.

infection with lactate dehydrogenase-elevating virus (50). To
determine whether such a glucocorticoid release was involved
in MHV-induced apoptosis of thymocytes, thymus cells were
counted after MHV-A59 infection of adrenalectomized and
mock-adrenalectomized BALB/c mice obtained from Iffa
Credo (L’Arbresle, France). The efficiency of the adrenalec-
tomy was indicated by accelerated and increased the symptom-
atology in mice that were deprived of their adrenal glands

compared with mock-adrenalectomized animals. Since adrenal-
ectomized animals died by about 6 days postinoculation, thy-
mocytes were counted 5 days after MHV-AS59 inoculation. The
thymus size was much larger in animals from this source than
in mice from the Ludwig Institute for Cancer Research colony.
At 5 days p.i., thymus atrophy had not yet reached a maximum;
however, a similar decrease in thymocyte counts (between 55
and 65%) was observed in mock-adrenalectomized or adrenal-

FIG. 3. Apoptosis in thymuses from BALB/c mice infected with MHV-A59. In situ end labelling of thymus sections from control (A) and infected (day 4 p.i.) (B)
mice. A few labelled cells (arrows) are observed in the control animals, whereas their number is largely increased in the infected mice. Phase interference shows a
markedly decreased total cell number in the infected thymus (B). Magnification, X625.
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TABLE 2. Thymus involution in adrenalectomized mice

Treatment Infection® Thymocyte count”
Mock 181 + 4
Mock MHV 67 = 14
Adrenalectomy 191 = 17
Adrenalectomy MHV 88 £ 36

¢ MHV-A59 was inoculated intraperitoneally on day 0.
> Thymocytes were counted on day 5 p.i. Results are for groups of four to six
BALB/c mice (means * standard errors).

ectomized MHV-infected mice (Table 2). These data suggest
that glucocorticoids did not induce the thymocyte apoptosis
associated with MHV-A59 infection.

Programmed cell death may directly result from cell infec-
tion. Influenza virus and Sindbis virus infection of cell lines in
vitro results in programmed cell death of the infected cells (23,
36). Similarly, the VP3 protein of chicken anemia virus induces
apoptosis of infected lymphocytes (44), resulting in depletion
of the thymic cortex (24). Apoptosis of fibroblasts infected with
MHYV is indirectly triggered by their interaction with virus-
specific cytolytic T lymphocytes or with B lymphocytes (43, 52).
Therefore, we tested whether MHV-A59 directly induces pro-
grammed cell death of thymus lymphocytes by infecting thymic
cells. For this reason, we first wanted to know if thymus could
be infected. Therefore, we analyzed the localization of MHVR
in the thymuses of control and MHV-A59-infected animals by
immunolabelling as previously described (9, 20). Shortly, after
paraformaldehyde fixation, the tissue was embedded in graded
sucrose solution (59), frozen in liquid nitrogen, and cut at 1 pm
on a Reichert-Jung ultracut E microtome with ultracryotomy
system FC4D. Immunolabelling was then performed with, as
primary antibody, a rabbit polyclonal serum 655 made by im-
munizing a rabbit with MHVR glycoprotein which had been
immunoaffinity purified from Swiss Webster mice with anti-
MHVR monoclonal antibody MAb-CC1 recognizing an
epitope in the N domain of MHVR (16), but not BGP2 gly-
coproteins (42). Incubation of sections with this polyclonal
antibody or the control serum was then followed by biotiny-
lated anti-rabbit Fab fraction (Boehringer Mannheim, Mann-
heim, Germany) and streptavidin peroxidase. After incubation
with diaminobenzidine, sections were counterstained in a
Mayer Hemalun solution.

Immunolabelling of normal, uninfected thymus sections with
anti-MHVR antibody 655 revealed expression of receptor an-
tigen in a finely granular pattern predominantly on the capsule
and in the cortical regions (Fig. 4a and b). No labelling of
thymus was observed with the control normal rabbit serum.
Because of the intimate contact between lymphoid and stromal
cells in the normal thymus, it was difficult to determine which
type of cells was expressing the receptor. Therefore, we took
advantage of the depletion of thymic lymphocytes following
MHV-AS9 infection in order to address this question. Thymus
sections of MHV-A59-infected BALB/c mice 6 days p.i. showed
that the receptor was expressed on cellular processes and cell
bodies that had features typical of thymic epithelial cells, such
as pyriform-shaped nuclei with large central nucleoli (Fig. 4c);
however, receptor glycoprotein was not detected on thymic
lymphocytes by this method. The absence of MHV-AS59 recep-
tor expression on thymic T lymphocytes was confirmed by flow
cytometry (Fig. 5). To determine whether receptor expression
on lymphocytes might be upregulated after infection with
MHV-AS9, thymus cells were isolated from MHV-AS59-in-
fected mice at different times p.i. and analyzed by flow cytom-
etry with anti-MHVR antibody 655. No significant labelling
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FIG. 4. Expression of MHV-A59 receptor glycoproteins in BALB/c mouse
thymus sections. Cryosections of thymus (1 pm thick) from normal BALB/c mice
were reacted with anti-MHV receptor antibody 655 (A) or with control rabbit
serum (B). Immunolabelling with anti-receptor antibody 655 of thymus sections
obtained 6 days after MHV-A59 infection of BALB/c mice demonstrated recep-
tor glycoproteins on cells with cytological features typical of thymic epithelium
(C [arrow]), whereas thymic cells incubated with normal rabbit serum were
unlabelled (D). Magnification, X1250.

b

was detected on thymic lymphoid cells from control or MHV-
A59-infected mice from 1 to 5 days after virus inoculation
(data not shown).

These results showing that MHV-AS59 receptor was ex-
pressed on thymus stromal cells but not on T lymphocytes
suggest that the former cells are the principal targets for MHV
infection in the thymus. However, since it has been shown in
vitro that MHV-AS59 can spread from infected cells to cells that
do not express this receptor (19), T lymphocytes might still be
infected after virus inoculation. Therefore, using in situ hybrid-
ization, we examined if the presence of MHVR on thymus
stromal cells was correlated with MHV-A59 replication in in-
fected BALB/c mice. Thymuses were fixed by immersion either
in Bouin fixative or 4% paraformaldehyde and then processed
for paraffin embedding. Sections (5 wm thick) were mounted
on Superfrost-Plus slides (Menze-Gléser, Brunswick, Germa-
ny), deparaffinized, rehydrated, and digested with proteinase K
before processing for in situ hybridization. A digoxigenin-la-
belled antisense oligonucleotide corresponding to a fragment
of the MHV-A59 nucleocapsid gene (388~ [27]) was diluted at
a concentration of 8 pmol/50 pl in a hybridization buffer con-
taining 50% formamide, 4X SSC (1X SSC s 0.15 M NaCl plus
0.015 M sodium citrate), 500 pg of sheared single-strand
salmon sperm DNA per ml, 250 pg of yeast tRNA per ml, 1X
Denhardt’s solution, and 10% dextran sulfate (molecular
weight, 500,000). Sense oligonucleotide was used as a control.
Hybridization was performed overnight in a humid chamber
containing 50% formamide-2X SSC at 37°C. Sections were
then rinsed twice in 50% formamide-2X SSC for 10 min at
room temperature. They were then slightly fixed with 4%
paraformaldehyde and processed for immunolabelling. After
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FIG. 5. Flow cytometric analysis of MHVR glycoprotein expression on spleen and thymus cells. Expression of MHVR was analyzed on pooled spleen (A) or thymus
(B) cells from three BALB/c mice incubated with normal rabbit serum (hatched zone) or with rabbit anti-MHVR serum 655 (bold line) and then with fluoresceinated

goat anti-rabbit antibody.

inhibition of endogenous peroxidase with 0.3% H,O, in deion-
ized water for 30 min, the sections were incubated with 10%
bovine serum albumin (BSA) in 0.05 M Tris buffer (pH 7.4).
Goat anti-digoxigenin (Boehringer) (1/500 in Tris buffer with

s y - - ‘. .

FIG. 6. MHV-AS59 replication in thymuses of infected BALB/c mice; in situ
hybridization of thymus section from virus-infected BALB/c mice (5 days p.i.)
with a labelled antisense probe (B) and a sense probe (A). Rare cells expressing
viral mRNA (arrows) were observed in the cortical region (B). These large cells
had features compatible with those of thymic epithelial cells. Magnification, X300.

1% BSA) was applied for 90 min. After rinsing in Tris buffer,
the sections were incubated with a biotinylated rabbit-anti-goat
antibody and then with streptavidin peroxidase. Detection was
performed with diaminobenzidine. The sections were slightly
counterstained with hematoxylin, dehydrated, and mounted in
Eukitt medium.

By in situ hybridization, MHV-A59 RNA was detected only
in a very small number of thymus cells (Fig. 6), whereas MHV-
A59 RNA was detected in many hepatocytes (data not shown).
Most of the infected cells were very large, characteristic epi-
thelial cells, not lymphoid cells. No labelling was observed with
the control sense probe in infected animals (Fig. 6) or with the
antisense oligonucleotide in thymuses from uninfected animals
(data not shown). Because most lymphocytes were not in-
fected, as shown by in situ hybridization and by electron mi-
croscopy, virus infection of thymic lymphocytes was not the
cause of MHV-A59-induced thymic involution. This relative
resistance of thymic lymphocytes to MHV-A59 infection
agrees with a previous report (3). In this regard, MHV-A59
differs from MHV-3, which induces nonproductive viral repli-
cation in most thymus T lymphocytes in susceptible mouse
strains, leading to a decrease of all thymocyte subsets (25, 26,
32, 33).

Apoptosis in the course of viral infection can also result from
the secretion of a soluble molecule, either by infected cells or
as part of the general response to the infection. Several cyto-
kines, including transforming growth factor 32, have been
shown to promote apoptosis of T-cell lines (62). Mouse thy-
mocytes, as well as fibroblastic cells infected with feline immu-
nodeficiency virus, undergo similar active deaths when exposed
to tumor necrosis factor alpha (28, 34, 45). Interleukin-4 in-
hibits thymocyte development in fetal thymus organ cultures
(46). On the other hand, several soluble molecules with growth
factor or cytokine activity, including insulin-like growth factors,
platelet-derived growth factor, interleukin-1, interleukin-3, in-
terleukin-4, interleukin-6, interleukin-7, and interleukin-9,
have been reported to protect cells against programmed cell
death in some circumstances (1, 22, 37, 40, 48). Since thymic
epithelial cells produce such molecules (12, 18), infection of
these cells, resulting in lysis or in impairment of their secretory
activity, might lead to lymphocyte disappearance, which is sus-
pected to be responsible for the increased susceptibility to
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apoptosis found in double-positive lymphocytes after inocula-
tion with murine cytomegalovirus (31).

In summary, our results show that the MHV-AS59 receptor
glycoprotein, MHVR, was expressed on thymus stromal cells,
which are the principal targets for MHV-AS59 infection in the
thymus, but that MHVR expression was not detectable on
thymic T lymphocytes which were relatively resistant to virus
infection. We postulate that, in addition to a role in viral
pathogenesis, MHVR and related glycoproteins may play im-
portant functions in the normal murine immune response (9),
since it has been shown in other systems that they promote
cell-to-cell adhesion (38, 60). For example, their expression on
thymus epithelial cells might mediate homing of immature T
lymphocytes to the thymus. Impairment of MHVR-expressing
epithelial cells by MHV-AS59 infection could then cause abnor-
mal T-cell maturation, leading to apoptosis of immature T
lymphocytes and thymus atrophy. This could occur if infection
causes stromal cells to elaborate a factor such as a cytokine
which induces apoptosis or if infected stromal cells fail to
elaborate a trophic factor required for T-cell maturation. Fu-
ture studies have to focus on the role in the thymus of MHVR
and its different isoforms in T-cell maturation and T-cell hom-
ing. The rapidly expanding availability of molecular and sero-
logical reagents to detect the expression of the many isoforms
of the murine carcinoembryonic antigen-related glycoproteins
(7, 16, 17, 65) should facilitate the study of the role of these
proteins in the immune response as well as in mouse corona-
virus infection.
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